Repaglinide (RPG) regulates the amount of glucose by stimulating the pancreas to release insulin in the blood. In view of its biological importance, we have examined the interaction between RPG and a model protein, bovine serum albumin (BSA) employing various spectroscopic, electrochemical and molecular docking methods. Fluorescence spectra of BSA were recorded in the presence and absence of RPG in phosphate buffer of pH 7.4. Fluorescence intensity of BSA was decreased upon the addition of increased concentrations of RPG, indicating the interaction between RPG and BSA. Stern-Volmer quenching analysis results revealed that RPG quenched the intensity of BSA through dynamic quenching mechanism. This was further confirmed from the time-resolved fluorescence measurements. The binding constant as calculated from the spectroscopic and voltammetric results was observed to be in the order of 10 4 M À1 at 298 K, suggesting the moderate binding affinity between RPG and BSA. Competitive experimental results revealed that the primary binding site for RPG on BSA was site II. Absorption and circular dichroism studies indicated the changes in the secondary structure of BSA upon its interaction with RPG. Molecular simulation studies pointed out that RPG was bound to BSA in the hydrophobic pocket of site II.
Introduction
Proteins are the building blocks of life which play a vast variety of roles in the cell. These proteins are an integral part of origin, evaluation and metabolism [1] . Plasma proteins comprise three major fractions viz., albumin, globulin and fibrinogen. Albumin is an abundant and important plasma protein, which regulates the osmotic blood pressure. The decrease in the level of serum albumin leads to severe kidney diseases. Albumins from various sources have gained extensive biomedical and industrial applications besides research interest [2] . BSA has 76% structural homology with human serum albumin (HSA) and hence it is being used as a model protein in clinical medicine.
Repaglinide (RPG), chemically known as 2-Ethoxy-4-(2-((3-methyl-1-(2-(1-piperidinyl)phenyl)butyl)amino)-2-oxoethyl)benzoic acid ( Fig. 1) , is a new carboxy methyl benzoic acid derivative. It belongs to a class of meglitinides and is used to treat type 2 diabetes. It is the first of a new class of oral antidiabetic drug designed to regulate postprandial glucose excursions in type 2 diabetic patients. Although RPG shows some chemical resemblance to other antidiabetic agents, it differs in its mechanism of action and excretion mechanism [3] . RPG lowers the blood glucose levels by blocking ATP-dependent potassium channels in pancreatic b cells, which in turn stimulates insulin secretion [4] . Since the administered RPG is excreted through biliary excretion, it is considered to be an advantage for type 2 diabetic patients with impaired kidney function [5] .
Drug-protein binding is an integral part of many other types of intermolecular interactions in a cellular or organ environment [6] . It is known that the pharmacological effect of a drug is dependent on both its pharmacokinetic and pharmacodynamic properties. These properties of a drug can be altered as a result of protein binding since the bound drug is pharmacodynamically inert and only the free (unbound) drug interacts with receptors [7] . Drugs that are highly bound to protein have a lower concentration of free drug. Higher concentration of protein bound drug in the blood stream results in toxic effects. When drugs bind to protein with a lower binding affinity, there will be larger unbound drug fraction. This condition results in poor distribution of the drug to target tissue as the free drug has shorter elimination half-life than the protein bound drug. Hence, studies on drug-protein binding help in improving the efficacy of a drug by controlling the rate of Peer review under responsibility of Xi'an Jiaotong University.absorption, distribution, metabolism and excretion of the drug in the body.
For the better therapeutic effects, a drug should reach the targeted site both efficiently and precisely for the necessary period of time. In order to overcome the undesirable properties of drug molecules and drug delivery, cyclodextrins (b-cyclodextrins) are introduced as carrier materials. b-cyclodextrins have been found as potential candidates because of their ability to alter physical, chemical and biological properties of guest molecules through the formation of inclusion complexes [8] . Due to their low toxicity and low immunogenicity, b-cyclodextrins have extremely attractive pharmaceutical applications. They are known to alter various properties of drugs, pharmaceutical formulations, and biomembranes, resulting in enhancement and modulation of rectal drug absorption. Since the cyclodextrin molecule is hydrophilic on the outer surface, the complex formation usually increases the bioavailability of drugs in different administration routes by increasing the solubility, dissolution rate, and wettability of poorly water-soluble drugs and by preventing the degradation or disposition of chemically unstable drugs in gastrointestinal tracts, as well as during storage. Thus, b-cyclodextrin increases the pharmacological effect by allowing a reduction in the dose of the drug administered [9] . This prompted us to investigate the effect of bcyclodextrin on RPG-BSA interactions.
Seedher and Kanojia have reported the interaction between RPG and HSA by spectroscopic technique [10] . However, they have not carried out the detailed molecular docking and simulation studies on RPG-HSA interactions. Such studies are useful to draw conclusions with regard to binding site for RPG in the protein and stability of docked RPG-protein system. We have discussed these investigations (on RPG-BSA) in the present study. Circular dichroism studies indicated the secondary structural changes in BSA upon interaction with RPG. These studies were not carried out by Seedher and Kanojia. Further, they have not carried out life time measurements, fluorescence resonance energy transfer (FRET) and electrochemical studies. Our electrochemical measurements also supported the results obtained by fluorescence studies (with regard to binding constant and number of binding sites). No report is available in the literature with regard to the interaction of RPG with BSA. In view of the above, we explored the binding characteristics of RPG with BSA by employing multispectroscopic techniques and molecular simulation methods to understand the mechanism of quenching, to determine the binding affinity of RPG towards BSA and to find out the specific binding site and number of binding sites for RPG in BSA besides studying the effect of RPG on secondary structure of BSA. The influence of b-cyclodextrin and metal ions on RPG-BSA binding affinity was also studied.
Materials and methods

Chemicals and reagents
Fatty acid and globulin free BSA, phenylbutazone, ibuprofen and b-cyclodextrin purchased from Sigma Chemical Company (St. Louis, MO, USA) were used without further purification. RPG was obtained as a gift sample from Dr. Reddy's Laboratory, India. A stock solution of BSA (250 mM) was prepared in 0.1 M phosphate buffer of pH 7.4. Phosphate buffer was prepared by mixing suitable amounts of 0.1 M sodium dihydrogen orthophosphate dihydrate and 0.1 M disodium hydrogen orthophosphate dehydrate. Further, an appropriate amount of NaCl was added to maintain an ionic concentration of 0.15 M. Stock solutions of each of 250 mM RPG and bcyclodextrin were prepared separately in methanol while stock solutions of each of 250 mM phenylbutazone and ibuprofen were prepared in ethanol.
Fluorescence studies
Agilent Technologies Carry Eclipse fluorescence spectrophotometer equipped with a xenon flash lamp source and a Cary single cell peltier for temperature control was used to perform fluorescence measurements. Both the excitation and emission slit widths were set at 5 nm. Preliminary studies were performed to optimize the experimental parameters. Experimental parameters such as concentration of BSA and RPG, and temperature were optimized and maintained throughout the experiment. BSA was excited at 295 nm and fluorescence spectra were recorded in the presence and absence of RPG in the range of 300e520 nm at 298, 303 and 308 K. For this, the concentration of BSA was fixed at 1.67 mM while that of RPG was varied from 1.67 to 15.0 mM.
Time-resolved fluorescence lifetime measurements
Fluorescence decay of BSA was recorded on a Chronos BH timeresolved fluorescence lifetime spectrometer 90021 (ISS, USA) in the presence and absence of increasing concentrations of RPG. The excitation and emission wavelength of BSA was fixed at 290 and 344 nm, respectively. The concentration of BSA was fixed at 1.67 mM and that of RPG was varied from 1.67 to 11.7 mM. The goodness of fit was estimated using c2 values.
Displacement studies
Displacement experiments were performed using two different site probes viz., phenylbutazone and ibuprofen for site I and site II, respectively. For this, the concentration of BSA and site probe was kept constant (1.67 mM) while that of RPG was varied from 1.67 to 15.0 mM.
Fluorescence resonance energy transfer measurements
We have recorded the fluorescence emission spectrum of BSA (1.67 mM) and absorption spectrum of RPG (1.67 mM) separately. Then, the emission spectrum of BSA was overlapped with absorption spectrum of RPG by plotting double-Y plot in origin software. The values of efficiency of energy transfer (E), overlap integral of emission spectrum of donor and absorption spectrum of acceptor (J) and the critical distance (R o ) were then calculated.
UV absorption studies
Absorption measurements were carried out on a AU-2701 UVeVis double beam spectrophotometer (India). Absorption spectra of BSA were recorded at 298 K in the presence and absence of RPG in the wavelength range of 230e380 nm. The concentration of BSA was fixed at 1.67 mM whereas that of RPG was varied from 1.67 to 15.0 mM.
Circular dichroism (CD) studies
Jasco J-715 spectropolarimeter (Tokyo, Japan) with a cell path length of 1 mm was used for CD measurements. CD spectra of BSA before and after the addition of RPG were recorded in phosphate buffer of pH 7.4 at 298 K in the wavelength range of 200e260 nm. The concentration ratio of BSA to that of RPG was maintained at 1:0, 1:2 and 1:6, respectively. 
Effect of metal ions
Fluorescence emission spectra of RPG-BSA system were recorded at 298 K in the presence and absence of Cu 2þ and Zn 2þ ions, separately. For this, the concentration of BSA and metal ion was kept constant (1.67 mM) whereas that of RPG was varied from 1.67 to 15.0 mM [11, 12] .
Molecular docking studies
Molecular docking studies were performed using Glide module from Schrodinger software (Schrodinger Release 2014-4: Maestro, version 10.0, Schrodinger, LLC, New York, NY, 2014).
Protein preparation
X-ray crystal structure of BSA (PDB ID-4OR0) was taken from protein data bank (PDB) database (www.rcsb.org/). Before we could proceed for docking process, the protein structure was optimized using protein preparation wizard module (Prepwiz) in Schrodinger. In the first step by preprocess option bond orders were assigned and hydrogens were added. The heteroatoms are ionized by epic at biological pH to consider the protein permeability and drug solubility and then the H-bonds were optimized to reduce the steric clashes by histidine, aspartate, glutamate, and hydroxyl containing amino acids. In the final step by using OPLS3 force field, complete protein structure was minimized to a least possible energy state.
Ligand preparation
In Schrodinger ligprep tool was used where 2D ligand structure was converted into 3D. Further, the ligand structure was optimized by minimizing its energy using OPLS3 force field. The optimized low energy ligand conformations were used for docking studies.
Molecular docking
RPG-BSA docking was performed using glide application. Receptor grid was generated which had a default set of options with van der Waals radius of 1.0 A. These grids were then used to calculate the interaction of prepared ligand with the receptor using the xp ligand docking in glide. The lowest energy conformation with hydrogen bonding was considered further.
Molecular dynamics simulations
Molecular dynamics simulations were performed using Desmond version 4.4 (Schr€ odinger Desmond, 2015) module. During simulation, water molecules were simulated by using the water model TIP3P with force filed OPLS3. By using the orthorhombic periodic boundary conditions the boundary regions for the simulations were set and appropriate Na þ and Cl À ions were added in the solvated system to electrically neutralize the system. Prior to simulation, ligand-protein complex was formed in the solvated system. This complex was further minimized by protocol of Desmond module using OPLS3 force field. After creation of minimized solvent system, simulations were equilibrated for 10 ns and then molecular dynamic simulations were performed by maintaining the temperature and pressure at 300 K and 1 atmospheric pressure, respectively. The trajectory was stored every 10 ns and further analyzed for calculating the root mean square deviations (RMSD) and root mean square fluctuations (RMSF).
Electrochemical studies
Voltammograms were recorded on a CHI-1103a Electrochemical Analyser (CH Instruments Ltd. Co.,USA, version 4.01) equipped with a conventional three-electrode system. A glassy carbon electrode (GCE) modified with graphene oxide (GO) was used as the working electrode. A platinum wire and Ag/AgCl electrode was used as counter electrode and reference electrode, respectively. Differential pulse voltammograms (DPV) of RPG were recorded in the absence and presence of BSA in the potential range of 0.2e1.3 V in the Briton Robinson (BR) buffer of pH 7.4. During the experimental process, the concentration of RPG was kept constant (30.61 mM) while that of BSA was varied from 2.55 to 10.2 mM.
Results and discussion
Steady-state fluorescence spectra
Fluorescence spectroscopy is one of the most convenient and successful methods applied to study drug-protein interactions [13] . Fluorescence measurements provide information on drug-protein interaction such as the quenching mechanism, binding affinity between the drug and protein, binding site for the drug on protein, nature of binding force and the intermolecular distance between the drug and protein molecule [14] . Thus, fluorescence measurements of BSA in the absence and presence of different concentrations of RPG were performed to understand the binding characteristics of RPG-BSA interactions. When BSA was excited at 295 nm, it exhibited a strong emission peak at 346 nm ( Fig. 1) under physiological conditions. Upon successful addition of RPG, significant quenching in the emission intensity of BSA accompanied by a slight blue shift in the emission wavelength was noticed. The blue shift was attributed to the decreased polarity in the hydrophobic cavity of tryptophan upon binding to RPG. This decreased hydrophobicity resulted in microenvironmental changes around tryptophan residues [15, 16] .
Absorption of the quencher at the emission and excitation wavelength of fluorophore results in inner-filter effect. So, in order to minimize this effect, fluorescence intensity of BSA was corrected using the following formula:
where F corr and F obs are the corrected and observed emission intensities respectively. A ex and A em are the absorbance values of the system at excitation and emission wavelengths, respectively. In this study all the fluorescence intensities mentioned correspond to the corrected fluorescence intensities [17] .
To elucidate the mechanism of quenching of BSA by RPG, we performed fluorescence measurements of free BSA and RPG-BSA at 298, 303 and 308 K and the results were examined using the SternVolmer equation shown below:
where F o and F are the fluorescence intensities in the absence and presence of the quencher, K q is the bimolecular quenching rate constant, t o is the average lifetime of the fluorophore in the absence of the quencher, [Q] is the concentration of the quencher and K sv is the Stern-Volmer quenching constant. Fig. 2 illustrates the Stern-Volmer plots for RPG-BSA complex at 298, 303 and 308 K. From slopes of these plots, the values of K sv were determined and are tabulated in Table 1 . The Stern-Volmer plot (F o /F vs.
[Q]) for RPG-BSA interaction (for different temperatures) was found to be linear, indicating the existence of only one type of quenching mechanism. Hence, we ruled out the possibility of combined quenching mechanism. Increased K sv values were observed due to increased number of collisions between RPG and BSA molecules at higher temperatures. This suggested that RPG quenched the intrinsic intensity of BSA through dynamic quenching mechanism [18] . Further, to verify the quenching mechanism, we have performed time-resolved fluorescence spectroscopic studies as it is sensitive to excited state interactions.
Time-resolved fluorescence spectroscopic studies
Time-resolved fluorescence spectroscopic technique is widely used to distinguish between dynamic and static quenching mechanism. The distinction between two mechanisms is done on the basis of the fact that in dynamic quenching process the average life time of protein (fluorophore) decreases upon interaction with a drug (quencher) whereas in static quenching process, the formation of a nonfluorescent complex does not exhibit any effect on the average life time of uncomplexed fluorophore [19] . Time-resolved fluorescence spectra of native BSA before and after the addition of RPG were recorded upon the excitation of BSA at 290 nm at room temperature. Fig. 3 shows the effect of RPG on decay profile of native BSA. The results obtained were analyzed by tail fitting method with c2 values close to unity. The decay profiles of BSA were fitted with bi-exponential function [20] . For bi-exponential function decay curve, the average life time of BSA in the presence and absence of RPG was calculated using the equation shown below [21] :
where t 1 and t 2 are the decay times and a 1 and a 2 are the preexponential factors. The calculated values are summarized in Table 2 . The average life time of free BSA was found to be 5.45 ns which decreased to 2.03 ns in the presence of increasing concentrations of RPG. This decrease in the average life time of BSA implied the existence of dynamic quenching mechanism between RPG and BSA interaction.
Determination of binding constants and binding sites
Drugs bind reversibly to a protein with different binding affinities. The strength of the drug-protein interaction is measured in terms of their binding affinity. This binding affinity between a drug and protein can be expressed in terms of binding constant (K) [22] . When a drug molecule binds to a set of equivalent sites on a protein, the binding constant and the number of binding sites (n) per protein molecule for a drug-protein system can be calculated using the following equation [23] :
where K is the binding constant of the system and n is the number of binding sites. . This observation suggested that RPG showed stronger binding affinity for HSA rather than for BSA. The value of n close to 1 revealed that there was only one binding site for RPG per BSA molecule [24] .
Nature of binding force
Various non-covalent interactions act as driving forces in drugprotein interactions. These are electrostatic interactions, van der Waals interactions, hydrophobic forces and hydrogen bond formation [25] . The forces acting between a drug and protein can be determined with the aid of thermodynamic parameters viz., free energy change (DG ), entropy change (DS ) and enthalpy change (DH ). Based on signs and magnitudes of these parameters, Ross and Subramanian have classified nature of acting forces on three possibilities [26] . 
Site markers competitive binding
Crystal structure studies revealed that BSA possesses two principle binding sites viz., site I and site II. Site I and site II are situated in hydrophobic cavities of subdomain IIA and subdomain IIIA, respectively. Site I is relatively larger in size where the most neutral, bulky and heterocyclic compounds tend to bind through hydrophobic interactions. In contrast to this, site II is smaller in size which involves a combination of hydrophobic, hydrogen bonding and electrostatic interactions [28] . In order to determine whether RPG binds to BSA at site I or site II, we have carried out site probe displacement studies. For this two recognized site probes viz., phenylbutazone and ibuprofen which are known to bind BSA at site I and site II, respectively, were selected. Fluorescence spectra of an equimolar mixture of BSA and site probe in the presence of increasing amounts of RPG were recorded at 298 K. Using equation (4) , binding constant of RPG-BSA system in the presence and absence of site probes was calculated. The binding constant of RPG-BSA system was remarkably decreased from (2.76 ± 0.04) Â 10 4 M À1 to (3.41 ± 0.04) Â 10 3 M À1 in the presence of ibuprofen while it remained almost the same in the presence of phenylbutazone (2.64 ± 0.05) Â 10 4 M
À1
. These results suggested that both RPG and ibuprofen competed for BSA at site II, thereby decreasing the binding constant. Based on these observations, we proposed that RPG was bound to BSA at site II of subdomain IIIA.
Fluorescence resonance energy transfer (FRET)
FRET involves the distance dependent energy transfer from a donor (fluorophore) molecule to an acceptor (quencher) molecule. In FRET, exchange of excitation energy of electronic states takes place from donor to acceptor molecule via a dipole-dipole coupling mechanism [29] . Fig. 4 shows the spectral overlap of absorption spectrum of RPG with emission spectrum of BSA. The values of J, E and R o for RPG-BSA were calculated to be 0.2906 Â 10 À15 cm 3 L mol
À1
, 0.1248 and 1.01 nm, respectively. The distance between BSA and RPG was noticed to be 1.48 nm, which satisfied the condition of 0.5R o < r < 1.5R o for non-radiant energy transfer between BSA and RPG. This resulted in quenching of fluorescence intensity of BSA [25] .
RPG-induced conformational changes in BSA
UVevis absorption spectra
To investigate the effect of RPG binding on secondary structure Table 1 Stern-Volmer quenching constants (K sv ), binding constants (K), the number of binding sites (n) and thermodynamic parameters for RPG-BSA system at different temperatures. of BSA, absorption spectra of BSA were recorded in the presence of increasing concentrations of RPG (Fig. 5) . Native BSA exhibited a characteristic absorption band at 280 nm which resulted from p/p* transition of the amino acid residues (Trp, Tyr and Phe) [30] .
The absorbance of Trp and Tyr residues depends on the microenvironment of their chromophores, and their shift to either side of wavelength range (i.e. red or blue shift) depends upon the polarity of surrounding environment [31] . Upon successive addition of RPG, significant enhancement in the absorbance of BSA accompanied by a slight red shift in the wavelength maxima was noticed. Peptide strands of the protein were extended more due to increased polarity around the protein residue, resulting changes in the secondary structure of BSA [32e34].
Circular dichroism (CD) studies
In biological chemistry and structural biology, CD technique has been widely used for secondary structure determination [35] . CD spectral studies provide information on the secondary structural element of the protein such as a-helicity and also on conformational alterations in the protein associated with the drug binding [36] . CD spectra were recorded in the range of 200e260 nm (Fig. 6 ). As displayed in Fig. 6 , CD spectrum of BSA exhibited two negative bands in the UV region near 208 and 222 nm, due to p-p* and n-p* transitions of the peptide bond, respectively. These two bands signify the a-helicity of the protein [37] . With the addition of RPG, we observed a gradual increase in the intensity of CD bands without imposing any significant shift in the peak positions. This increased band intensity indicated the decreased disordered structural content in the native BSA. Further, it revealed that RPG penetrated into BSA and induced modification in the secondary structural content of BSA [38e40]. thereby decreasing the binding affinity between RPG and BSA [43, 44] . Further, it suggests that b-cyclodextrin helps in the controlled release of RPG. So, more amount of RPG is freely released which is available to the targeted tissues as compared to RPG released from plasma. This facilitates the RPG to deliver its optimum medicinal effects [12, 45] .
Influence of metal ions on RPG-BSA interaction
Metal ions are imperative components of the cellular machinery and are involved in numerous essential tasks in the biochemical processes [46] . These metal ions interact with protein as well as with drugs in the blood plasma and so the presence of these metal ions may have a significant effect on drug-protein interactions. The increase or decrease in the binding affinity of drug-protein complex in the presence of these metal ions depends on the relative affinity of protein and drug towards the metal ions. So in order to investigate the influence of essential metal ions viz., Cu(II) and Zn(II) on RPG-BSA interaction, fluorescence measurements were performed. For this, fluorescence spectra of an equimolar mixture of BSA and Cu(II)/Zn(II) were recorded with increasing concentrations of RPG and the corresponding binding constants were determined using equation (4) . The binding constant of RPG-BSA system was found to be increased from (2.76 ± 0.04) Â Hence, the results of the study will help in altering the doses of RPG in the presence of these metal ions to achieve the desired therapeutic effect [47, 48] .
Molecular docking studies
From the results of site probe competitive experiments, we proposed that RPG was bound to BSA at site II of subdomain IIIA. To validate this, we performed molecular docking using Schrodinger software. Crystal structure studies revealed that BSA possesses three homologues domains viz., domain I (1e195), domain II (196e383) and domain III (384e583) where each domain contains two subdomains (A and B). Subdomains IIA and IIIA are considered as the main binding sites, site I and site II respectively to which the small molecules bind [49] . The analysis of docked conformations clearly indicated that RPG was bound to BSA in the hydrophobic pocket of site II (Fig. 7A) . Stacked bar charts representing RPG-BSA contacts viz., hydrogen bonds, hydrophobic, ionic and water bridges over the course of 10 ns trajectory are shown in Fig. 7B . It is obvious from the figure that amino acid residue Asn-390 formed hydrogen bond with RPG. A value of 0.75 interaction fraction suggested that 75% of the simulation time the specific interaction was maintained. Fig. 7C illustrates the hydrogen bond formation between RPG and amino acid residue of BSA. The amide oxygen (O17) of RPG formed a hydrogen bond with Asn-390 in BSA with a bond distance of 1.84 Å. RPG was surrounded by a number of hydrophobic amino acid residues (Fig. 7D) viz., Gln-389, Leu-386, Asn-385, Ala-489, Ser-488, . The participation of these hydrophobic residues in the RPG-BSA interaction suggested that hydrophobic forces are the main driving forces behind the interaction between RPG and BSA [50] . These results are consistent with the site probe competitive experiments and thermodynamic analysis.
Molecular dynamics simulation
From the docking studies we proposed the site II as the binding site for RPG on BSA. In order to analyze the stability of the docked RPG-BSA complex, we performed molecular simulation studies using Desmond. The docked conformation of RPG-BSA system was subjected to simulation process for 0e10 ns. When both BSA and RPG are allowed to move freely under explicit salvation, the stability, rigidity and microenvironmental changes for RPG-BSA complex can be explained on the parameters like RMSD and RMSF. The plot for the RMSD values of the protein backbone in pure BSA and RPG-BSA complex as a function of time (0e10 ns) are shown in Fig. 8A . RPG-BSA complex was first aligned on BSA backbone and the corresponding RMSD values were measured. Initially, both the systems reached equilibration and at the same time the RMSD values of BSA and RPG-BSA were increased to 2.6 Å till 2 ns of simulation time. In 2e4 ns, RPG-BSA complex diffused away from BSA, resulting in a decreased RMSD value from 2.6 Å to 1.6 Å. Then, RMSD value of RPG-BSA complex increased to 2.8 Å and then oscillated nearly 5.8 ns. Later, the RMSD value of RPG-BSA complex fluctuated more from 5.8 to 8.2 ns of simulation time. After 8 ns again both the systems equilibrated and attained stability by conformational rearrangement till the end of the simulation (10 ns). The local changes in the amino acid residues of BSA in RPG-BSA complex during simulation were assessed by finding the RMSF values. RMSF of BSA in RPG-BSA complex was plotted as a function of residue number, and the plot shows the fluctuation of total amino acids of total polypeptide chain (Fig. 8B) . In the RMSF plot, the observed peaks indicate the areas of protein that fluctuate the most during simulation [51] . As evident from the figure, fluctuations in the subdomain IIIA (380e480 amino acid residues) were found to be less than other subdomains (IA, IB, IIA, IIB, and IIIB). This clearly suggested that RPG was bound to BSA in the subdomain IIIA and formed a rigid structure during MD simulation [52] .
Electrochemical characterization of RPG-BSA interaction
Interaction between a small molecule and serum protein by voltammetric techniques can be investigated by monitoring the difference in the redox peak current and peak potential of the characteristic system before and after the addition of macromolecule [53] . Differential pulse voltammograms of RPG in the presence and absence of BSA are shown in Fig. 9 . RPG exhibited an irreversible oxidation peak at 0.83 V in BR buffer of pH 7.4. The peak current of RPG was gradually decreased with the successive addition of BSA and a slight negative shift in the peak potential was noticed. This observation indicated that the interaction of RPG with BSA resulted in the formation of a non-electrochemically active RPG-BSA complex at the electrode surface. The nonelectrochemical active compound decreased the concentration of free RPG and eventually decreased the oxidation peak current [54] .
By assuming that the interaction of RPG with BSA yields a single BSA-mRPG complex, the binding constant (b) and binding ratio (m) for the single complex can be calculated using the following equation [55] :
where DI is the difference in peak current of RPG in the presence and absence of BSA, DI max is the maximal change in the peak current when the concentration of RPG is extremely higher than that of BSA and [Q] is the concentration of RPG. From the slope and intercept of the plot of log [DI/DI max e DI] versus log [Q], the values of m and b were calculated and are found to be 1.1 and (1.77 ± 0.03) Â 10 4 M À1 at room temperature, respectively. The value of m indicates that there is 1:1 binding stoichiometry for RPG-BSA interaction, which in turn suggests that BSA has only one binding site for RPG [56] . The value of binding constant obtained from voltammetric studies is in good agreement with that obtained from spectroscopic results.
Conclusions
The present work provides various methodologies to understand the mechanism of interaction of pharmaceutically important drug, RPG with BSA. Fluorescence spectroscopic measurements confirmed that RPG interacted with BSA and quenched its fluorescence intensity via dynamic quenching mechanism. This was supported by time-resolved fluorescence lifetime measurement studies. The location of binding site for RPG in BSA was investigated by site probe displacement experiments and molecular docking studies, and the results indicated that RPG was bound to BSA at site II. Thermodynamic studies revealed that the hydrophobic interactions played a pivotal role in RPG-BSA interaction. The change in secondary conformation of BSA upon interaction with RPG was explored by absorption and CD studies.
